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Abstract:  
Scientific assessment of the health of wetland ecosystem is an important prerequisite for wetland management and protection. The 
Zoige wetland ecosystem is a cold peat wetland ecosystem on the eastern edge of the Tibetan Plateau in southwest China. By 
measuring organic matter and nutrients from soil samples in the Zoige wetland, we found that there were connections between 
organic matter in soil and vegetation growth, since decomposition of soil organic matter was an important source of soil nutrients 
and was influenced by the soil water content of the wetland. We therefore integrated a cluster of geochemical indicators of soil, 
including organic matter content, total nitrogen, total phosphorus content, total potassium content and humic acid yield, into a 
conceptual framework for ecosystem health assessment, therefore improving the existing indicator system for the Zoige wetland. 
We analyzed levels of organic matters and nutriment elements in soil samples from the Zoige wetland simultaneously with other 
indicators of the assessment system. Compared with the previous assessment work for Zoige wetland, the proposed assessment 
system showed a more holistic result. 
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1. Introduction 
As a transitional zone between aquatic ecosystems and terrestrial ecosystems [1], wetlands play important roles in 
water balance, flood conservation, regulation of the local climate, removal of pollutants, provide wildlife habitat and 
recreational tourism as well as other important functions to maintain the ecological balance of the region [2]. 
In this paper, we consider ecosystem health as a concept originating from resource management planning rather 
than a directly measurable biological reality [3]. We view wetland ecosystem health as a multifaceted management 
goal for the area [4]. The ecosystem health of a wetland is a relatively new concept, which refers to a lack of 
impairment to material cycling and energy flow processes within the studied wetland ecosystem. When a wetland is 
identified as a healthy ecosystem, this wetland ecosystem remains resistant or resilient to the long-term and 
unexpected disturbances caused by natural or human activities and shows diversity, complexity and robustness [5]. 
Wetland health assessment is an important part of wetland science characterized by complex prospects and various 
assessment methods [6]. There are different methods which can be used to meet various goals [7-11]. To describe the 
strength and scale of assessment methods, the U.S. EPA put forward three levels of assessments [12]. Level Ⅰ 
assessment methods mainly used Geographic Information System and Remote Sensing methods. Level Ⅱ methods 
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mainly used simple rapid qualitative observational data from a specified range of wetland to quickly assess local or 
regional wetland ecosystem health. Level Ⅲ methods made use of field samples to quantify a single field condition 
to assess the strength of a broader condition, which were the most accurate methods [13]. Cui and Yang established a 
set of indicator systems to assess wetland ecosystem health mainly based on ecological features, functional integrity 
and socio-political factors [1]. Other scholars’ assessments were based on this indicator system and focused on the 
biological, chemical, physical and social aspects of the establishment of a series of indicators for evaluation, mostly 
for qualitative evaluation.  
It is worth noticing that the wetland ecosystem health evaluation systems currently used by most scholars usually 
do not consider the physical and chemical properties of the soil [12, 14-16]. Considering the soil is an important 
source of ecosystem nutrients especially for peat wetlands, this paper presents a series of soil geochemical indicators 
for ecosystem health based on the physical and chemical properties of soil [17], and applies it to assess the Zoige 
wetland. 
2. Materials and methods 
2.1. Study area 
The Zoige wetland is located in the eastern edge of Qinghai-Tibet Plateau, including Maqu County, Zoige County, 
Hongyuan County and Aba county (see Fig. 1)[18]. It is an important part of typical alpine wetlands [19]. The 
landscape of the Zoige plateau is special and is dominated by numerous hills with an average relative height of 70- 
150 m. The region is characterized by cold Qinghai- Tibetan climatic conditions with an average annual rainfall of 650 
mm and an annual average temperature of about 1.7°C.  
 
Figure 1. A map of the study area location, indicating the Zoige wetland. 
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In this research, soil samples were taken in three sites of Hongyuan county plots. Sample site Ⅰ was taken from 
N32°26'08, E102°22'37, at an altitude of 3569 m, and was covered by surface water all year. Sample site Ⅱ was 
taken from N32°26'08, E102°22'38, at an altitude of 3569 m high, and was covered by surface water seasonally. 
Sample site Ⅲ was taken from N32°26'10，E102°22'37, at an altitude of 3572 m high, and was not covered by 
surface water. The decrease in the water table was due to natural slopes or artificial drainage. Soil geochemical 
indicators were tested respectively in July and August of 2008 and 2009. For other indicators of wetland ecosystem 
health assessment systems, data were referred from [20]. 
2.2. Measurement of geochemical indicators  
Decomposition of organic matter in soil is an important source of soil nutrients. The water content of wetlands soil 
affects the organic matter content of the soil, so measuring a sample plot soil’s organic matter and nutrient content in 
the Zoige wetland can provide a basis to establish a response relationship between wetland ecosystem health and soil 
geochemical factors.  
The sample soil was ground and sieved, then treated with potassium dichromated, then heated to measure the 
organic matter in the soil samples. An ICAP-9000 inductively coupled plasma spectrometer (made in the U.S.A.) was 
used to measure total phosphorus and total potassium. Ion beam analysis using U.S. GIC4117 device- Proton 
fluorescence analysis (made in the U.S.A.) was used to measure total nitrogen.  
We extracted humic acid from different peat soil samples with varied soil water content. By testing humic acid 
yield (g.kg-1) and C/N ratio, we proposed that analysis of humic acid chemical properties can help to establish 
molecular level indicators for wetland ecosystem health.  
2.3. Analysis of soil geochemical indicators 
(1) Organic matter, total nitrogen, total phosphorus, total potassium contents 
The organic matter, total nitrogen, total phosphorus and total potassium contents were shown in Fig. 2. Given the 
decreased water coverage of the three sites, we would like to confirm that the three sites showed different water 
contents in their soil. This change in water content was the basis for other comparisons across this axis. Soil organic 
matter and total nitrogen content showed a clear positive correlation with the water content of the soil. This was 
because as the soil’s water content reduced, decomposition of the organic matter and total nitrogen of the soil 
accelerated [9]. Total phosphorus content showed significant downward trend from 0.11% in sample site Ⅱ to 0.08% 
in sample Ⅲ. But the average phosphorus content stayed around 0.10%, indicating that the Zoige wetland soil held a 
higher overall level of total phosphorus content regardless of water content. Across the three sites, the total potassium 
content grew from 0.54% up to 0.91%. 
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Fig. 2. Contents of organic matter (Org. Matt.), total nitrogen (TN), total phosphorus (TP), total potassium (TK) of soil sample sites I, II, III. 
 
(2) Humic acid content and chemical properties 
Soil samples with higher water cover level produced humic acid 208 1 kgg , whereas soil sample from above the 
water table produced humic acid contents of 144 1 kgg (see Table 1). This showed that either as a result of natural 
conditions or human disturbances, wetland degradation can have a significant impact on the peat soil humic acid 
content. As wetland water levels dropped, the soil’s humic acid content decreased by nearly 30%. 
The low hydrogen content reflected a higher degree of oxidation of humic acid. The low N content and high C/N 
composition reflected that humic acid in the form of amino acids and amino sugars, which can easily to be aerobically 
decomposed by microorganisms, was low. This indicated that the content of organic matter, content of total nitrogen, 
humic acid yield indicators were positive indicators of ecosystem health, i.e. the more the better, but total phosphorus 
and total potassium were the negative indicators of ecosystem health because they reflected the degree of wetland 
degradation. 
Table 1. Yield and elemental composition of humic acid for sites I and III. 
Soil sample I III 
Yield (
1 kgg ) 208 144 
C (%) 56.1 56.9 
H (%) 5.8 5.7 
N (%) 4.0 3.7 
 
2.4. Construction of an ecosystem health assessment system  
In order to analyze soil geochemical indicators’ characteristics and performance as indicators of wetland ecosystem 
health, as well as to quantitatively assess the health status of a wetland ecosystem, we established a wetland ecosystem 
health assessment system (see Table 2) hierarchy based on the ecological conceptual model developed for Zoige 
wetland by Sichuan Grassland Science Academy [20]. The desired outputs were the degree of wetland ecosystem 
health for the Zoige wetland. Table 2 showed the indicator assessment system and details of criteria grid. A scale from 
0 to 100 was chosen as a basis for ranking where an indicator system score of 0 indicated the worst possible health 
status and 100 the best possible state of health. In order to facilitate verbal descriptions of health status, the system was 
further divided into five groups with ranges as: 0–20, 20–40, 40–60, 60–80, 80–100 corresponding to five health states 
of “Morbidity”, “Weak health”, “Basically health”, “Good health” and “Excellent health”, respectively [21-22] (see 
Table 3). 
Table 2. The wetland ecosystem health assessment indicator system and criteria grid 
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Symbol  Indicators (Unites) LevelⅠ (100-80) 
Level Ⅱ 
(60-80) 
Level Ⅲ 
(40-60) 
Level Ⅳ 
(20-40） 
LevelⅤ 
(0-20) 
A Conventional meteorological and gradient observations indicators 
A1 
 
Average annual precipitation 
(mm)  ≥600 500-600 400-500 300-400 ＜300 
A2 Average annual evaporation (mm)  ＜1300 1300-1400 1400-1500 1500-1600 ≥1600 
B Ecological disaster indicators  
B1 
 
Pesticide use amount (kg/ hm
2) 0 0-5 5-10 10-15 ≥15 
B2 Rodenticide use amount (kg/ hm2)  0 0-5 5-10 10-20 ≥20 
B3 Pest damage area ratio (%) ＜5 5-15 15-25 25-35 ≥35 
B4 Rodent damage area ratio (%) ＜5 5-15 15-25 25-35 ≥35 
C Hydrology indicators 
C1 
 
Flood Duration (d) ≥300 200-300 100-200 0-100 0 
C2 Surface water depth (m) ≥0.2 0. 1-0.2 0.05-0.1 0-0.05 0 
D Coenological indicators 
D1 
 
Hygrophyte occupancy ratio (%)  ≥95 80-95 65-80 50-65 ＜50 
D2 Hygrophyte biomass (kg.m-2)  ≥95 80-95 65-80 50-65 ＜50 
D3 Soil microbial biomass carbon 
(mg.kg-2) ≥0.3 0.2-0.3 0.1-0.2 0-0.1 0 
D4 Soil microbial nitrogen (mg.kg-2) ＜600 600-1200 1200-1800 1800-2400 ≥2400 
D5 Plant coverage (%)  ＜100 100-200 200-300 300-400 ≥400 
E Soil geochemical indicators 
E1 
 
Soil pH value 6 6-7 7-8 8-9 ≥9 
E2 Soil organic carbon (%) ≥0.06 0.05-0.06 0.04-0.05 0.03-0.04 ＜0.03 
E3 Soil CO2 flux (g.m-2.h-1) ＜0.3 0.3-0.5 0.5-0.7 0.7-0.9 ≥0.9 
E4 Soil water content ≥65 50%-65 35%-50 20%-35 ＜20 
E5 
 
Organic matter content (%) ≥50 40-50 30-40 20-30 ＜20 
E6 Total nitrogen content (%)  ≥2.5 1.5-2.5 0.5-1.5 0-0.5 0 
E7 Total phosphorus content (%) 0-0.02 0.02-0.05 0.05-0.10 0.10-0.15 ≥0.15 
E8 Total potassium content (%) 0-0.2 0.2-0.4 0.4-0.8 0.8-1.2 ≥1.2 
E9 Humic acid yield (g.kg-1) ≥200 180-200 160-180 140-120 ＜120 
Note: Indicators A, B, C, D and E1-E4 were referred to [20], E5-E9 were proposed by this paper. 
 
Table 3. Ecosystem health criterion for each assessment level. 
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Rank Excellent health Good health Basic health Weak health Morbidity 
Final 
score [80-100] [60-80] [40-80] [20-40] [0-20] 
Status The wetland ecosystem 
health is in excellent 
condition. Its 
vegetation, soil and 
hydrological conditions 
are functioning well. It 
has no natural or 
human made ecological 
disasters. 
The wetland ecosystem 
health is in good 
condition. Its 
vegetation, soil and 
hydrological conditions 
are mostly functioning 
well. It has fewer 
natural or human made 
ecological disasters. 
The wetland ecosystem 
is in a mediocre 
condition. Its vegetation, 
soil and hydrological 
conditions are in a 
normal way of 
functioning. It has had 
some natural or human 
made ecological 
disasters. 
The wetland ecosystem 
is in a poor condition. 
Its vegetation, soil and 
hydrological conditions 
cannot function well. It 
has suffered from 
natural or human made 
ecological disasters. 
The wetland ecosystem is 
in a very bad condition. Its 
vegetation, soil and 
hydrological conditions are 
malfunctioning. Natural 
and human made 
ecological disasters happen 
frequently. 
 
2.5. Ecosystem health assessment method  
For different types of data, two kinds of data standardization methods were used. For the data on the indicators of 
positive ecosystem health, the standardization method in formula (1) was used. For deterioration indicators, 
standardization method was shown in formula (2). 
' min
max min
100%ii
X XX
X X

 

               (1) 
'' max i
max min
100%i
X XX
X X

 
                 (2) 
where Xmax and Xmin indicates the maximum and the minimum values for this data column; Xi indicates each single 
data point. 
The qualitative and semi-quantitative data cannot be quantified due to a lack of reference standards. For 
consecutive data with limited value ranges that were not easy to rank accurately, we used the interpolation method, as 
shown in formula (3). 
'' ''
' max min min max
max min
( ) ( ) 100%i ii
X X X X X XX
X X
    
 

            (3) 
where X′is the calculated value; Xmax, Xmin are the classification range limits of each five grids; X "max and X" min 
refer to the original data values corresponding to the standardized (0-100) values corresponding to the range limits. 
3. Results of ecosystem health assessment 
By using formulas (1) - (3), the raw data about the Zoige wetland was standardized. In order to avoid human 
interference on the indicator system, and to allow the assessment result to be comparable, the weights for all indicators 
must be equally divided. Then the final result of assessing wetland ecosystem health can be obtained. Scores for each 
indicator and the whole ecosystem were presented in Table 4. According to Table 3, the final score of our assessment 
meant the selected study area in Zoige wetland ecosystem was in a good situation. That means its vegetation, soil and 
hydrological conditions were functioning well. This further indicated that there were fewer natural or human made 
ecological disasters there. This was mainly because the study area had a high level of soil water content and less 
human interference compared with other regions in the Zoige wetland. The wetland degradation in the study area was 
not very obvious. 
Table 4. Health assessment scores for each indicator and the whole ecosystem. 
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Symbol Score Symbol Score Symbol Score 
A 100 C1 65 E1 95 
A1 100 C2 66 E2 66 
A2 100 D 81.4 E3 71 
B 75 D1 80 E4 56 
B1 80 D2 99 E5 71 
B2 100 D3 87 E6 64 
B3 60 D4 79 E7 60 
B4 60 D5 62 E8 63 
C 65.5 E 67.4 E9 61 
Final score 75 
4. Conclusion 
Soil is one of the main providers of peat wetland ecosystem nutrients [23]. For the peat wetland ecosystem health, 
geochemical indicators are determinant factors. In fact, organic matter content, total nitrogen content and humic acid 
yield are all positive indicators of ecosystem health, i.e. the more the better, but total phosphorus content and total 
potassium content are negative indicators because their increase reflects the degradation of the wetland. The above 
positive geochemical indicators and negative indicators were integrated into our wetland ecosystem health assessment 
system. According to the proposed assessment system, the study area in the Zoige wetland was in good condition. Its 
vegetation, soil and hydrological conditions were functioning well. It had fewer natural or human made ecological 
disasters. Compared to existing ecosystem assessment indicator systems for peat wetlands such as the Zoige wetland, 
the proposed method in this paper showed a more holistic result by integrating geochemical indicators into the 
assessment system. We suggest that this method should be extended to other peat wetland ecosystems. 
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